Abstract. A roughness spectrum allows surface structure to be interpreted as a sum of sinusoidal components with differing wavelengths. Knowledge of the roughness spectrum gives insight into the mechanisms responsible for electromagnetic scattering at a given wavelength. Measured spectra from 10-year-old primary debris flow surfaces at Mount St. Helens conform to a power-law spectral model, suggesting that these surfaces are scaling over the measured range of spatial frequencies. Measured spectra from water-deposited surfaces deviate from this model.
Rough surfaces that have structure over a wide range of spatial scales may be described using the concepts of fractal geometry introduced by Mandelbrot [1983] . Random rough fractal surfaces have power-law spectra; the slope of such a spectrum is related to the surface's fractal dimension (Austin et (Figure 2) . Most of the debris was deposited during the eruption of Mount St. Helens on 18 May 1980. Since then, the deposits have undergone erosion by wind and water. The sites chosen for measurement were visually representative of principal surface textures, accessible to logging roads, and located in large homogeneous areas which should be distinguishable in a radar image. Figure 3 shows one of the rougher surfaces. A geologic description of the debris avalanche is given by Glicken [1989] .
Our objectives were to characterize the surface roughness of the debris flows at scales smaller than, on the order of, and larger than the radar wavelength of common remote sensing radars. Two measurement techniques were used. A computer-driven, 2D laser profilometer recorded surface height profiles of square grids with sides between 8 cm and 1 m in length. The grids were sampled at intervals ranging from 2 mm to 2 cm. We used surveying instruments to measure elevation at grid points within larger square areas measuring 32 m on a side. Sampling intervals within the larger squares were 1-4 m.
The 2D laser profilometer system was designed specifically for this experiment. Its main component is a surveying electronic distancemeter (EDM), which uses an in- 
Spectral Estimation
Estimates of the roughness spectrum were calculated from both types of elevation data. Profilometer data suffered from errors which prevented the direct application of spectral estimation techniques. Since the measurements could not be repeated, it was necessary to apply corrective filtering. The procedure is fully described in Austin and England [1991] .
As previously noted, investigators have found that many natural surfaces are scaling. Linear profiles of such surfaces have (over the range of measurable spatial frequencies) a surface roughness spectrum (power spectral density of surface height) Sz that has the form of a power law:
Xz(f) -½lfl
where f is the spatial frequency and c and/3 are constants, with 1 </3 < 3. /3 is sometimes called the spectral slope; a power-law spectrum is linear with slope (-/3) when plotted on a log-log scale.
Power-law surfaces with isotropic statistics have a twodimensional roughness spectrum Sz2z> that has a similar form' Sz2z>(f,.) = a fl -'•,
where f• is the radial spatial frequency satisfying f•2 = f•2 + fu2, and 2 < 7 < 4. Because estimation of directional spectra requires a much greater quantity of data, The high-frequency half of each averaged estimate was discarded to reduce the effect of aliasing. Averaged estimates at a single scale or at multiple scales were then fit with a power-law function (1), where appropriate, using a minimum absolute deviation fit. Profile (1D) spectra fitting the power-law model were then converted to surface (2D) spectra using the formulation given in (Austin et al., submitted manuscript, 1993), in which the 1D and 2D roughness spectra are related through their corresponding autocorrelation functions and the 2D autocorrelation function is assumed isotropic. Although this method of determining the surface spectrum from linear profiles was made necessary by the profilometer problems, it is not without benefit. One grid of measured surface heights yields many linear profiles. The profile rows are not completely independent, but the row spectral estimates can still be averaged to obtain a significant decrease in variance, allowing us to set p (in Capoh's estimator) higher to decrease the bias. This averaging would not be possible with a two-dimensional estimator, given the same measured data.
Measured Roughness Spectra
The first site that we examined (JRS) was located in the debris flow area adjacent to and due west of Johnston Ridge (see Figure 2) . This area of the debris flow exhibited large variations in relief (e.g., 8 m in a 32 m x 32 m survey grid). The roughest surfaces that we measured in this area were the primary debris flow surfaces, i.e., debris flow surfaces whose present state is due to the removal of material by wind and water. Spectra from the roughest of these are shown in Figure 5A . The survey spectrum is the curve extending from 0.05 to 0.25 m-•; the higher frequency spectra were computed from profilometer scans. The linear character of these spectral estimates suggests that a power-law spectrum is appropriate for this surface. The equation of the power-law fit to these estimates is •z(f) = (3.21 x 10-a)l/I -='aa.
(The hat denotes an estimate.) This fit is shown as a dashed line in Figure 5A . While we do not know that the spectrum follows this power law at the intermediate (unmeasured) spatial frequencies, we do think that it is significant that both the meter-and centimeter-scale spectra are well fit by the same power law.
We can convert (6) to an estimate of the surface (2D) spectrum, obtaining the following power law:
(1.77 x 10-4)f; -3'34.
In Figure 5B , the same survey spectrum is shown together with a profilometer spectrum collected on a similar St. Helens show differences that correspond to observed surface characteristics. The extremely rough surfaces affiliated with 10-year-old primary debris flows possess roughness spectra that are well modeled by a power-law function at certain length scales, implying that these surfaces are scaling over the measured range of spatial frequencies. Surfaces created through sedimentation have spectra that lie below the noise floor at higher spatial frequencies and thus do not fit the power-law model. While we are not yet able to develop a classifier of volcanic terrains based on surface roughness spectra, this study shows that a power-law spectrum is a reasonable descriptor of some volcanic surfaces. The scattering properties of such surfaces are not well understood. There has been some application of standard scattering models to surfaces of this type, but rougher volcanic terrains often violate assumptions made in these models (e.g., rms height << radar wavelength). The present study and the others cited demonstrate the need for power-law scattering models in the remote sensing of volcanic debris flows and other natural surfaces. We are pursuing such a model through both theoretical and experimental studies.
